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ess as: K
hemistrAbstract Biochar prepared from aromatic spent was used as adsorbent for assessing its removal
capacity of cadmium, chromium, copper and lead fromaqueous acidic solutions. For the optimization
of the processes, separate experiments were setup in ﬁxed bed columns of biochar prepared from dif-
ferent biomasses in variable sizes at different temperatures, metal concentrations, ﬂow rate and time.
The effect of the above parameters on adsorption ofmetals was assessed in terms ofmaximumadsorp-
tion capacity, kinetics, theorem and thermodynamics. Results show that maximum removal of each
metalwas 60 mg/g. The adsorption equilibriumdata obeyed theFreundlichmodel and the kinetic data
were well described by the pseudo-second-order model. The adsorption process is believed to proceed
by an initial surface adsorption followed by intra-particle diffusion. In this regard to the proposed
mechanism, modeling results implied that exchange of the hydrogen occurs during the low loading
of metal. Opposite is true for the calcium, magnesium and sodium ions. Thermodynamic studies
revealed the feasibility and endothermic nature of the system. Treatment of acidicminewaterwith bio-
char suggests that it buffers the acid and is capable of efﬁcient removal of these metals.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
The disposal of industrial efﬂuent with metal load represents a
problem of great concern for both environment and humans522 2359623; fax: +91 522
.com (P. Khare).
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y (2013), http://dx.doi.org/10.1due to their toxicity, non-biodegradable nature and widespread
occurrence in natural and human-altered environments (Inyang
et al., 2012). In natural system, acidmine drainage contains high
amount of toxic elements due to number of reactions between
the acidic discharge and other mineral phases. There are numer-
ous methods that have been proposed for the removal of these
metals (Kiran and Kaushik, 2012). Out of them adsorption on
the solid surface is considered an effective mean for the removal
of metal (Akbal and Camci, 2011; Boudrahem et al., 2011;
Razmovski and Sˇc´iban, 2008; Hanif et al., 2009; Singh et al.,
2012; Sˇc´iban et al., 2011). It is suggested that agricultural
by-products with appropriately modiﬁed structure could being Saud University.
ven biochar: Application as metal adsorbent from acidic solu-
016/j.arabjc.2013.11.047
2 P. Khare et al.used to develop cost-effective technologies to treat heavy metal
in both industrial and municipal waste-water (Demirbas, 2008).
Hence, carbonization of crop residue may alter its structure and
make it suitable for adsorption.
The sorption of heavy metals onto carbonized materials
(e.g., activated carbons) has been widely studied (Sanchez-Polo
and Rivera-Utrilla, 2002; Swiatkowski et al., 2004; Youssef
et al., 2004; Chen et al., 2007; Liu and Zhang, 2009). These
studies revealed a signiﬁcant difference in the physico-chemical
properties in plant-derived biochars and other carbonized
materials (McBeath and Smernik, 2009) which further affected
their adsorption capacity.
Biochar is the solid residue of biomass incomplete combus-
tion or pyrolysis, which produces three by-products: bio-oil,
syn-gas and biochar. These three by-products of pyrolysis have
their special applications. Biochar may act as convenient mate-
rials for separation processes due to its porosity and versatility in
structure and low cost (Kim et al., 2011). However, due to versa-
tility in structure and surface of biochar, a systematic evaluation
of structure and sorption relationships of each type of the bio-
char-water interface is needed. The research on predominance
of themechanism(s) with respect to structure and surface of bio-
char and adsorption is essential for industrial uses.
As biochar has a liming effect and super adsorbent. Hence,
the present study was designed to study the adsorption capac-
ity of biochar from acidic solutions. Investigation was made to
obtain the properties of multi-elemental bio-sorption in three
aspects: equilibrium, kinetics and transfer of metals from
acidic solution. After the standardization, biochar was used
for treatment of the two acidic mine efﬂuents at optimum con-
dition. The study will be applicable for the designing and oper-
ation of biochar bed for metal removal from acidic efﬂuent like
acid mine water.
2. Experimental
2.1. Biochars preparation and their characterization
Biomass samples from root of rose (Rosa damascena) & stem
of eucalyptus (Eucalyptus citriodora) were taken for the prep-
aration of biochar. The samples of two particle size, i.e.: 210
and 150 micron were taken for biochar preparation. The sam-
ples were pyrolyzed in a ﬁxed bed furnace with a capacity
300 g ± 60 (depending upon bulk density), ﬁtted with data
logger for temperature, pressure and gas ﬂow, variable heating
rates with wide range, tube dia 50 mm, sample bed up to
300 mm, at 450 C. The heating rate of furnace was 10 C. Bio-
char samples were placed in a dried place for further analysis.
In text, biochars were named according to plant material and
particle size, i.e, rose & eucalyptus with particle size 210 mi-
cron were named as R210 and E210.
Physico-chemical properties of biochar were determined
through proximate, ultimate and functional group analyses.
Proximate analysis was done by ASTM method D3172. RSD
(5) for replicates for moisture, volatile matter and ash content
were 0.36%, 0.17% and 0.03%, respectively.
Carbon, hydrogen, and nitrogen contents of the biochars
were determined using a CHN Elemental Analyzer (Euro-Vec-
tor) via high-temperature catalyzed combustion followed by
infrared detection of resulting CO2, H2 and NO2 gases. The
pH of the biochar samples (Biochar: DI Water ratio 1:20)Please cite this article in press as: Khare, P. et al., Plant refuses dr
tions. Arabian Journal of Chemistry (2013), http://dx.doi.org/10.was measured before the experiment. BET-N2 Surface area
of biochar was measure by SA 3100 surface area analyzer.
2.2. Sorption of heavy metals
The sorption ability of R210 and E210 was initially evaluated
using a mixed heavy metal solution containing Cd2+, Cr2+,
Pb2+ and Cu2+. The pH of the solution was maintained at
4. About 0.5 g of the test biochar was taken into the column
and the 10 ml of heavy metal solution passed through it at
room temperature (30 ± 0.5 C). After giving contact times,
solution was removed. The Cd2+, Cr2+, Pb2+ and Cu2+con-
centrations were determined using ICP–AES. The sorbed hea-
vy metal concentrations were calculated based on the
difference between the initial and ﬁnal metal concentrations.
Deionised water without metals was treated as blank and
processed in a similar manner as metal solution. Sorption
isotherms and thermodynamic parameters were obtained with
varying concentrations of each metal (10, 20, 30, 40, 50, 60 and
70 mg/ml) and reaction temperatures (303, 313, 323 and
333 K), respectively. Calculations of absorption capacity,
kinetics and isotherm are shown in Supplementary materials.
2.3. Post-sorption characterizations
Scanning electron microscopy (SEM) (JEOL (Make), JSM-
6100 (Model), USA) was used to examine surface morphology
of both pre-sorption and post sorption (metal-laden or fully
saturated biochar) biochar. Fourier transform infra-red
(FTIR) (Perkin Elemr, Spectrum BX) analysis was used to
characterize functional groups present on the biochar surfaces
in both pre-sorption and post sorption.
2.4. Metal analysis
For the metal analysis, leahcate and biochar samples were di-
gested in diacid (Nitric acid and perchloric acids mixture) and
triacid mixture (nitric acid, sulfuric acid and perchloric acids)
at 180 C. Major inorganic elemental constituents of the
biochars and metals of leachates were determined by induc-
tively coupled plasma with atomic emission spectroscopy
(ICP-AES, Perkin Elmer, and Optima 5300 V).
2.5. Breakthrough curves
0.5 g of the biochar mixed with small glass spheres in order to
obtain suitable packing of the biochar was loaded on the col-
umn (details are given above section). The mixed metal solu-
tion (70 mg/ml each) was then passed through the column
(ﬂow rate 0.4 ml/min) and 10 ml of the portion of efﬂuent
was taken and analyzed by ICP.
2.6. Simulated acidic mine water
Mine rejects were collected from the coal mines of North
eastern part of the India. Leaching of these mine rejects
and overburden was done in zero hours with distilled water.
The mine waters A (from mine reject) and B (from overbur-
den) were characterized for pH, conductivity and metal un-
der study.iven biochar: Application as metal adsorbent from acidic solu-
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3.1. Biochar characteristics
Elemental compositions of the bio chars are shown in Table 1.
Nitrogen distribution in the bio chars varied in two plant spe-
cies and was unaffected by particle size of parent material and
residence pyrolysis time. It indicates the persistency of nitrog-
enous compounds throughout pyrolysis at this temperature. It
is also reported that most of nitrogenous compounds released
at higher temperature during thermal conversion of solid fuels.
Biochars prepared from barks of eucalyptus have more nitro-
gen content as compared to that from rose root, attributable to
the nitrogen-ﬁxing capabilities of the Eucalyptus. In contrast
to nitrogen, the distribution of hydrogen in the bio chars
was similar across plant materials and particle size. However,
oxygen distribution in biochars was unaffected by particle size
and varied with the parent material. It is also evident by the O/
C and H/C ratios (Table 1). It is due to the difference in ligninTable 1 Bio-char properties (DAF basis in %).
Biochar C H N S O Ash
R150 55.4 2.7 3.8 ND 38.1 5.4
R210 54.0 2.2 3.3 ND 40.5 4.8
E150 70.5 3.3 7.1 ND 19.0 5.0
E210 63.5 2.6 6.8 ND 27.1 5.0
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Figure 1 Effect of initial concentration of metal io
Please cite this article in press as: Khare, P. et al., Plant refuses dri
tions. Arabian Journal of Chemistry (2013), http://dx.doi.org/10.1and cellulosic content of plant materials. The speciﬁc surface
areas of biochar E150 and R150 were 34.99 and 38.99 (m
2/g),
respectively. The values are similar to the biochar prepared
from wood (Keiluweit et al., 2010).
3.2. Optimization
The optimization of the process was done by changing metal
concentrations and ﬂow rate of the metal solution at a ﬁxed
biochar amount of 0.5 g. Experiments were set up for ﬂow
rates 0.5, 1.0, 1.5 and 2.0 ml/min. The optimized ﬂow rate on
R150 biochar at a metal concentration of 60 mg/L is shown
in Supplementary material. Hence, this low rate was taken
for further experimentation. The Maximum adsorption was
observed at 60 ppm at this optimized ﬂow rate (Fig. 1). Hence,
biochar prepared from plant refuses has maximum adsorption
capacity of the individual metal at 60 ppm. After that, equilib-
rium was achieved due to saturation of active sites. It is evident
from the ﬁgure that bio-sorption did not vary with particle sizeO/C (Molar) H/C (Molar) Density (g/ml) Porosity (%)
0.52 0.58 0.36 65
0.56 0.49 0.29 70
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4 P. Khare et al.except for Pb, which showed no linearity in adsorption vs con-
centration for 210 micron particle size. Hence, R150 and E150
were taken for morphological and FTIR study and only R150
was taken for the kinetic, isotherm and thermodynamic study.
3.3. Effect of biochar morphology and functionality on metal
adsorption
Effect of surface texture porosity of biochar on metal adsorp-
tion was done by morphological study using SEM (Fig. 2). The
surface texture of biochars is characterized by thinner walls
and channels with particle sizes of the order of 110 lm. These
biochar have pores with varying sizes within the particles. Be-
cause of their size, the large pores are more easily accessible to
metals. Porosity of the biochar is given in Table 1. However,
SEM analysis after metal loading, shows different morphology
for E150 and R150. These macropores are responsible for the
metal saturation in R150 (Fig. 2), where the metal laden surface
of biochar is non porous. In case of E150, metal laden biochar
is showing a micropore on its surface. It might be possible for
some other processes to dominate here.
The FTIR study provides the change in functional groups
of biochar before and after the metal adsorption (Fig. 3).
The FTIR spectrum of native biochar revealed a large number
of absorption peaks within the interval of 4000–400 cm1,
which is only a sign of the complex chemical nature of this
bio-material. Aromatic compounds such as PAHs showed
characteristic absorption peaks at 873 and 781 cm1 (Khare
and Baruah, 2010). The bands corresponding to OH and(a)
(c)
Figure 2 SEM analysis of bio-char under study; (a) and (b). before a
and after metal adsorption on R150,v.
Please cite this article in press as: Khare, P. et al., Plant refuses dr
tions. Arabian Journal of Chemistry (2013), http://dx.doi.org/10.COOH were detected at 2278.79, 1607.84, 1432.02, 1230, and
1080 cm1. The absorption band at 3396.41 cm1 was due to
O–H groups. The absorption peaks at 2924.76 and
2858.00 cm1 were attributable to alkyl radicals and other sat-
urated aliphatic groups. The peaks at 2376 and 1319 cm1
were assigned to –PH stretch and NO2 symmetric stretch,
respectively. The absorption spectrum of biochar treated with
metals showed evident changes with respect to that of native
biochar (Fig. 3). Among these changes were the broadening
of the absorption bands between 3396.41 and 1607 cm1,
which suggests the superposition of numerous peaks that ap-
peared in these regions. In addition, peaks appeared at 1645,
1417, and 1395 cm1 which have been previously reported as
characteristic of the complexation of metal cations with car-
boxyl groups (Chen and Yang, 2006; Sawalha et al., 2007).
The band at 1645 cm1 is associated with the complexation
of the carbonyl from the carboxyl functional group, while
the bands around 1400 cm1 are due to the complexation of
the oxygen from the carboxyl C–O bond (Fourest and Vole-
sky, 1996). With the loading of metals ions, the shifting of
the peaks is seen from about 3396, 2974, 1607, 1432, 873 and
781 cm1. It is an indication of the active participation
of –CO–, –OH, –SiOH and –C–OH group in metal binding
(Srivastava et al., 2006).
3.4. Sorption kinetics
In order to describe the kinetic proﬁles bio sorption of metals
at different temperatures, four different mathematical models(b)
(d)
nd after metal adsorption on E150, respectively; (c) and (d) before
iven biochar: Application as metal adsorbent from acidic solu-
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Figure 3 FTIR spectra of Biochar (R150) before and after metal adsorption.
Plant refuses driven biochar: Application as metal adsorbent from acidic solutions 5were used: pseudo ﬁrst order model, pseudo second-order, Rit-
chie’s second order and intra-particle diffusion (For detail cal-
culation, please see the Supplementary materials). To
quantitatively compare the applicability of each model, a nor-
malized standard deviation (Dq) is calculated as reported by
Kara and Demirbel, 2012.
Pseudo ﬁrst order model, Ritchie’s second order and intra-
particle diffusion were not able to describe the kinetics of metal
adsorption effectively. Hence, results of these models are
shown in Supplementary material.
Fig. 4 shows the pseudo second-order model for all metal
adsorption. The parameters deduced from the pseudo ﬁrst
and second order kinetics are shown in Table 2. It is evident
from the table that adsorption of metal ions can be approxi-
mated more appropriately by the Pseudo second order kinetics
model than the ﬁrst order kinetic model. It suggests that rate
limiting step may be the chemical adsorption. This might be
because of the tremendous surface area provided by small-
sized biochar, containing plentiful hydroxyl and carboxylPlease cite this article in press as: Khare, P. et al., Plant refuses dri
tions. Arabian Journal of Chemistry (2013), http://dx.doi.org/10.1groups at the surface to serve as functional groups to bond
with the large amount of metals.
The values of the pseudo-second-order rate constant, k2
were found to increase with an increase in the solution temper-
ature of 303–333 K. There is a linear relationship between k2
and temperature (Fig. 5). The adsorption rate constant is usu-
ally expressed as a function of solution temperature by the fol-
lowing Arrherius type relationship (Hoa and Ofomaja, 2006).
lnk2 ¼ lnk0  Ea
RT
ð3Þ
where k2 is the rate constant of pseudo-second-order of
adsorption (grams per milligram per minute), k0 is the inde-
pendent temperature factor (grams per milligram per minute),
R is the gas constant (8.314 J mol1 K1), and T is the solution
temperature (Kelvin). Therefore, the relationship between k2
and T can be represented in an Arrhenius form as
lnk2 ¼ 6:3807 604:35
T
 
ð4Þven biochar: Application as metal adsorbent from acidic solu-
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Figure 4 Pseudo second order adsorption kinetics of adsorption of Cd, Cr and Cu.
Table 2 Parameters of Psuedo ﬁrst and second order kinetics of R150.
Tem. (K) Qe Psuedo ﬁrst order kinetics Psuedo second order kinetics
R2 Qe K q (%) R2 Qe K2 h q (%)
Cd 303 49.5 0.89 48.7 0.00795 5.86 0.99 47.8 0.000715 1.64 8.17
313 49.6 0.89 59.4 0.04820 19.83 0.99 48.3 0.000700 1.63 7.21
323 49.8 0.7 48.8 0.00960 6.48 0.99 49.5 0.000676 1.66 3.44
333 49.8 0.75 58.4 0.01524 18.57 0.99 50.0 0.000493 1.23 2.83
Cr 303 49 0.6 57.2 0.029874 18.31 0.99 49.5 0.000314 0.77 4.54
313 49.2 0.5314 71.4 0.007208 30.04 0.99 50.3 0.000462 1.17 6.54
323 49.5 0.92 36.3 0.019974 23.09 0.99 50.8 0.000573 1.48 7.14
333 49.8 0.8767 38.7 0.029614 21.13 0.999 50.8 0.000657 1.18 6.21
Cu 303 45.05 0.022 33.7 0.003257 22.44 0.996 49.5 0.000510 1.25 14.06
313 45.15 0.667 23.5 0.000478 30.95 0.99 44.8 0.000521 1.85 3.69
323 48.85 0.6 22.0 0.005211 33.18 0.99 45.0 0.000758 1.54 12.48
333 48.85 0.61 22.8 0.013374 32.64 0.998 50.0 0.000975 1.19 6.86
Pb 303 49.35 0.99 43.8 0.15241 14.98 0.99 50.0 0.000267 0.67 5.13
313 49.5 0.91 30.6 0.016066 27.65 0.99 49.0 0.000493 1.18 4.41
323 49.7 0.998 23.4 0.020452 32.52 0.99 49.3 0.000536 1.30 4.20
333 49.8 0.998 23.5 0.020452 32.52 0.99 41.7 0.000682 1.18 18.07
6 P. Khare et al.from this equation, the rate constant for adsorption, k0 is
g/mg/min and the activation energy for adsorption Ea is
kJ mol1.
It is reported that if the value of activation energy ranged
between 8 and 16 kJ mol1, the adsorption process can be as-
sumed to involve chemical sorption (Table 3). There are twoPlease cite this article in press as: Khare, P. et al., Plant refuses dr
tions. Arabian Journal of Chemistry (2013), http://dx.doi.org/10.types of chemisorptions activated (Ea > 7) and non activated
(Ea = 0) (Kara and Demirbel, 2012). In the present case, the
activation energies for all the metal ions are >7 kJ mol1 sug-
gesting the activated chemisorption process. However, the acti-
vation energy for Pb is lower than that of other metal ions. It
may be due to similar ionic radii of Pb, Ca and Na (1.80 A˚),iven biochar: Application as metal adsorbent from acidic solu-
1016/j.arabjc.2013.11.047
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Figure 5 Arrhenius plot of metal adsorption on biochar at
different temperatures.
Table 4 Thermodynamic properties of R150 (kJ mol
1).
KF DG Ea DH DS
Cd 2.85 14.77 8.78 6.26 69.40
Cr 2.88 14.74 14.51 11.99 88.19
Cu 2.86 14.75 8.20 5.68 67.44
Pb 3.28 14.41 7.24 4.72 63.11
Plant refuses driven biochar: Application as metal adsorbent from acidic solutions 7which ease the replacement of these ions. It is also interesting
that activation energy for Cr is quite high that for other metals.
It might be due to some other interactions that were involved
in the Cr adsorption.
3.5. Adsorption isotherm
The adsorption models taken for the present investigation are
the Langmuir and Freundlich. Detail calculation methods are
reported by Kara et al., 2006 and Tekin et al., 2006; Tassist
et al., 2010 and are given in Supplementary methods.
Table 3 shows the constants derived from the isotherm. The
adsorption isotherms of metals by biochars are shown in
Supplementary materials. Freundlich isotherm ﬁts quite well
with the experimental data correlation coefﬁcients. However,
the low correlation coefﬁcients of the Langmuir isotherm show
poor agreement to experimental data. The fact that the Fre-
undlich isotherm ﬁts the experimental data very well may be
due to heterogeneous nature of the surface sites involved in
the metal uptake. These results were also in agreement with
the previous kinetic data, which suggested the chemisorption.
3.6. Thermodynamics
The Gibbs free energy of activation (DG), enthalpy of activa-
tion (DH), entropy of activation (DS), and activation energy
(Ea) for the metal adsorption were calculated to assess the fea-
sibility (Table 4). Detail calculations are shown in the Supple-
mentary. The negative values for the Gibb’s free energy for all
three metals represent the non-spontaneous nature of the
adsorption process. The values of enthalpies were found to
be positive, which indicates that the reaction proceeds with
the absorption of heat (endothermic nature). The positiveTable 3 Parameters of adsorption isotherms of R150.
Langmuir
QL KL R2 Dq
Cd 66.36 0.0043 0.77 0.02–0
Cr 51.895 0.006 0.87 0.03–0
Cu 60.735 0.0047 0.9 0.06–0
Pb 52.95 0.007 0.87 0.08–0
Please cite this article in press as: Khare, P. et al., Plant refuses dri
tions. Arabian Journal of Chemistry (2013), http://dx.doi.org/10.1values of the entropy of activation in the system indicate that
the reaction is thermodynamically favorable. This occurs as a
result of redistribution of energy between the adsorbate and
the adsorbent. Before adsorption occurs, the heavy metal ions
near the surface of the adsorbent will be more ordered than in
the subsequent adsorbed state and the ratio of free heavy metal
ions to ions interacting with the adsorbent will be higher than
in the adsorbed state. As a result, the distribution of rotational
and translational energy among a small number of molecules
will increase with increasing adsorption by producing a posi-
tive value of DS and randomness will increase at the solid–
solution interface during the process of adsorption. Adsorp-
tion is thus likely to occur spontaneously at normal and high
temperatures because DH> 0 and DS> 0 (Reddad et al.,
2002).
3.7. Breakthrough curves
Breakthrough curves for Cd, Cr, Cu and Pb for biochar are
shown in Fig. 6. It is evident from the curves that after elution
of 70 ml of water, the metal adsorption reached maximum. All
the metals except Pb showed the similar elution pattern. The
breakthrough volume (VB) was 10 ml and calculated from
backthrough curves, when the Co/Cin was 0.05, (where, Co is
the adsorbed concentration of metal and Cin is the initial con-
centration of metal). Retention time was at 55 ml, when the
Co/Cin was 0.5. Equilibrium volume was 70 ml, when the Co/
Cin was 0.95. The calculated numbers of theoretic plates were
24.75 and capacity factor was 4.5. The formula of the calcula-
tion is given in Fig. 6. However, Pb, the breakthrough volume
(VB) was lower (5 ml) and retention time was at 50 ml.
According to data obtained by the isotherm and kinetic study
the adsorption of metal on biochar surface follows chemisorp-
tion (Freundlich isotherm) and inter particle diffusion plays an
insigniﬁcant role. Sheindorf et al. (1983) also reported that
multi-solute system on charcoal follows the Freundlich iso-
therm for organic adrorbate. They have reported the different
behaviors of various solutes. However, all metals under study
followed similar adsorption pattern on biochar. It might be
due to no diffusion effect, similar chelating effect of biochar
and similarity in ionic charge of the metals. The backthroughFreundlich
KF n R2 Dq
.05 2.846 1.640 0.999 0.005–0.08
.22 2.881 1.398 0.999 0.009–0.11
.13 2.863 1.478 0.999 0.01–0.1
.23 3.284 0.264 0.995 0.006–0.33
ven biochar: Application as metal adsorbent from acidic solu-
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Figure 6 Back through curves of metals on biochar.
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Figure 7 Release of Ca2+, Mg2+, Na+, H+ and total cation ions in water after metal adsorption on bio-char.
8 P. Khare et al.test conﬁrms that these metals have a similar type of interac-
tion with biochar. The FTIR results reveal the possibility of
ion exchange and chelation of metal on biochar surface. To
conﬁrm the mechanism, analyses of Na, Ca, Mg and pH of
water released after the adsorption were done (Fig. 7). Ca ions
showed the maximum release followed by Mg and Na. It con-Please cite this article in press as: Khare, P. et al., Plant refuses dr
tions. Arabian Journal of Chemistry (2013), http://dx.doi.org/10.ﬁrms the ion-exchange phenomena. However, the total cation
released was quite low as compared to the total metal loading
on the column. It may be due to the release of hydrogen ion by
the metal which was also evident in the FTIR spectra. It is
interesting to note that at lower metal loadings, hydrogen
ion concentration in released water was high, while reverse isiven biochar: Application as metal adsorbent from acidic solu-
1016/j.arabjc.2013.11.047
Table 5 Removal of metal present in industrial efﬂuent by biochar (metal concentration in ppm).
pH Conductivity Cd Cr Cu Pb
Before Biochar treatment
Simulated Mine water A 4.2 1.2 ± 0.5 0.013 ± 0.001 0.718 ± 0.04 0.269 ± 0.06 0.036 ± 0.03
Simulated Mine water B 3.4 6.9 ± 0.4 ND 0.123 ± 0.02 0.374 ± 0.05 0.023 ± 0.03
Simulated Mine water A 7.3 0.2 ± 0.02 0.003 ± 0.001 0.006 ± 0.001 0.003 ± 0.001 ND
Simulated Mine water B 6.9 0.4 ± 0.01 ND 0.006 ± 0.001 0.002 ± 0.001 ND
Plant refuses driven biochar: Application as metal adsorbent from acidic solutions 9true for other cations. It implies that initially metal ions re-
place H ions from C–O–OH and OH groups, and after satura-
tion exchange of other cations occurs. The possible reaction of
the metal exchange is given below.3.8. Future prospects
To examine the use of biochar for natural acidic water sys-
tem i.e. AMD, simulated AMD water was passed through
the biochar (R150) and leaching was performed. Two types
of simulated acidic mine drainage water (AMD) were taken.
These simulated AMD water was prepared by the column
leaching of mine reject (A) and overburden (B). Results
are shown in Table 5. Simulated water was highly acidic
with high conductance. It had high concentration of Cr
and Cu. While, Pb and Cd were also present in the simu-
lated acidic water. After treatment, biochar not only
removed these elements efﬁciently, but it also enhances the
pH. The levels of the metals were below the permissible lim-
its. We have observed in these experiments that biochar was
also capable to remove other major ions like iron and
sulfate (data is not included here). However, more detail
investigation is needed for the simulated water which covers
the interaction of other cations and anions and dissolved
solid compounds.4. Conclusion
In present study, evaluation of optimum condition for the me-
tal adsorption on biochar was done. It suggests that biochar
can remove maximum 60 mg/g of each metal from multi
elemental acid solution. Optimum ﬂow was found to be
1.5 ml/min. Reaction is thermodynamically favorable and
follows second order kinetics.
Study also suggests that bio-sorption of multi-elements on
biochar can be attractive, economic process especially in the
case of acidic natural solution like acid mine water, which isPlease cite this article in press as: Khare, P. et al., Plant refuses dri
tions. Arabian Journal of Chemistry (2013), http://dx.doi.org/10.1enriched in metal concentration. The very fast adsorption
kinetics were observed with the biochar.Acknowledgements
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